Abstract: A fast power restoration operational scheme and relevant stabilizing control is proposed for active distribution power systems with multi-terminal DC network in replacement of the conventional normal open switches. A 9-feeder benchmark distribution power system is established with a 4-terminal medium power DC system injected. The proposed power restoration scheme is based on the coordination among distributed control among relays, load switches, voltage source converters and autonomous operation of multi-terminal DC system. A DC stabilizer is proposed with virtual impedance method to damp out potential oscillation caused by constant power load terminals. The proposed system and controls are validated by frequency domain state space model and time domain case study with Matlab/Simulink. Fast power supply restoration after 3-phase fault C 3 C 6 C C C G DC 
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Introduction
The development of distributed power generation [1] and advance of Electric Vehicle (EV) [2] are changing the configuration of the traditional power distribution system. Renewable power, such as wind [3] and solar [4] , are naturally dispersed and compatible for distribution side. Comparing with large renewable generation, which are normally far away from load centre, power produced by distributed generation is more likely to be consumed locally and there is no need to build up extra high voltage corridor [5] to transmit bulk intermittent power to the load centre. However, mismatch between loads and generations is almost inevitable especially when a distribution substation is feeding both household and industrial load feeders at the same time as both load profiles fairly diverse [6] . Serious mismatch at "last mile" ends of a distribution power system can possibly give rise to severe voltage variations [7] . In some cases, possible over-voltage can reduce their nominal life spans or even damage power equipment, which can be caused by DG power that significantly overweighs local load at the far end from the distribution substation [7] .
Such problem is difficult to solve with traditional passive distribution power system. Reactive power control based voltage regulation [8] [9] might play a part to help but with limited performance in a more resistive distribution network. A pre-set renewable generation curtailment scheme may help, however, at a cost of certain amount of renewable energy loss.
The potential rising demand from the electric vehicle battery charging is also a serious challenge to the conventional distribution network as the charging load can potentially be much larger than traditional household and commercial appliances. With varying charging demand from EV, overloading and consequent contaminated voltage profiles could be the major problems for traditional distribution systems [10] . One possible solution to this problem is to build up centralised charging stations with a predefined energy management scheme and integrate them into the existing power system in a more grid-friendly way [11] . To charge an EV battery array with local renewable generation would be an ideal scenario [11] .
In order to reduce the distribution loss and enhance power supply reliability, the concept of active distribution power system is proposed with load switch spread among certain feeders [12] . Such This paper is a postprint of a paper submitted to and accepted for publication in IET Renewable Power Generation and is subject to Institution of Engineering and Technology Copyright. The copy of record is available at IET Digital Library.
3 reconfigurable distribution power system is able to actively redistribute power flow by switching the ties between the feeders, hence the possibility of power flow optimization in terms of distribution losses and voltage profiles. A great variety of smart management methods have been proposed for optimized power flow management based on hard switches [13] [14] [15] . However, the employment of hard tie switches forces the voltages across different feeders to match each other, leading to inflexible power flow control since the real time power flow is passively determined by the impedance distribution of a certain system configuration pattern and the total number of patterns for a certain system is limted.
Though radial topology is most commonly used in distribution network for its simplicity feature [16] , ring topology are also widely implemented, with Normal Open Switch (NOS) as loop breaking point [17] [18], to ensure power supply restoration after a fault. However, the power restoration based on the switching involves NOS control can take minutes to complete [17] [18] . Although the closing of NOS can easily increase system load availability with diverting power dispatching route, it would create a close-loop or even meshed distribution network with reduced fault impedances hence significantly increase fault currents. This could undermine the existing protection and relay system, which is unacceptable so far.
In order to cope with the challenges brought by higher DG and EV penetration to distribution power system, multi-terminal DC networks are proposed in distribution power system level, which is able to enhance voltage profile and load availability, and facilitate more flexible and faster power flow control [7] [19] over emerging DGs and charging loads without significant contribution to fault current.
In this paper, a four-terminal DC network is proposed and inserted into a benchmark distribution power system to replace the conventional NOS. An AC-DC coordinating scheme is proposed for power supply restoration to minimize the outage time after a fault on AC feeder. To further take the advantage of the DC link, DG and charging station are also integrated within the DC network for cost and conversion efficiency concern.
One side effect brought about by the multiple-terminal DC network is the dynamics and stability
issue. This is due to the fact that, in a multiple terminal DC system, the terminal impedances of slack terminals are normally well designed and damped [20] while the constant power terminals are not [21] [22] [23] [24] .
The terminal impedances of constant power terminal mainly depend on their own static operational (Power) point regardless of system stability, which can be undesirable to system dynamics and stability [21] [22] [23] [24] .
When all the DC terminals are closely located, which means the line impedances are limited, the undesirable impedances can be possibly accommodated by the slack terminals [20] [21] [22] [23] [24] . However, when
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there are considerable distribution distances, the slack terminals may not be able to accommodate them from the far ends. As a result, measures have to be taken at the power terminal side. In this paper a stabilizing method is also proposed to improve system dynamics from the power terminal side by modifying the large constant power terminal impedances. It can be directly implemented on accessible terminals by superimposition over its conventional control; for those inaccessible DC terminals, charging station for instance, a storage based DC physical stabilizer is proposed to implement the proposed control at the corresponding power terminal.
This paper is organized as follows. System modelling is introduced in Section 2 and the specific operational schemes and DC stabilization control are described in Section 3. Case study is then performed in Section 4 and finally the conclusion is drawn in Section 5. In order to investigate the proposed active power distribution system, an original dynamic benchmark system is established, which is shown in Figure 1 a. As is shown, the distribution system in This paper is a postprint of a paper submitted to and accepted for publication in IET Renewable Power Generation and is subject to Institution of Engineering and Technology Copyright. The copy of record is available at IET Digital Library.
System Modelling
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each feeder. Closed-loop current controls are implemented within the DGs, which assumes that all the DGs are well capable to go through AC faults.
An example of the proposed active distribution power system is derived from the system demonstrated by Figure 1 a. By replacing the NOS with a multi-terminal DC link, as is shown in Figure 1b , an active distribution power system with flexible DC link is configured. Two VSCs, namely VSC 3 and VSC 6, are connecting to Feeder 3 and 6 respectively. A DC charging station and a centralized DC-side DG are connected to VSC 3 side via two DC lines. Both DC charging station and DG has a power rating of 2 MW. Both charging station and DG terminals are also with well-implemented closed-loop current control.
Operational Scheme
A distributed control and protection scheme is proposed for the active distribution power system with fast power supply restoration capability. The control units involve AC relays and its relevant circuit breakers (re-closers), load switches and all the converters connected to the DC network. The coordination is mainly based on local detections and reactions in the first place and, in addition, with a minimum level of communication.
The distribution power system operates with a centralised control based on low bandwidth communication, via which the amount of power passing through the DC network to is primarily determined by a distribution central controller during steady state.
As VSC control plays a key role in the distribution operation between AC and DC side, the possible operational modes of a VSC is introduced first. A virtual impedance based stabilizer is then proposed to stabilize the DC system. The stabilizer mainly concerns charging station, which can possibly spells instability as a variable constant-power type load. A DC voltage variation based autonomous power management scheme [20] is then introduced to cope with the fast dynamics of the DC system. Based on the above sub-sections, the procedure of post-fault power restoration is then proposed in this section.
Voltage Source Converter modelling and control mode
Predefined VSC voltage control strategies are considered in the proposed active distribution power system. Apart from the widely used synchronous current/power control mode [21] , the VSCs are also able to operate in either DC voltage control or AC voltage control mode as is shown by Figures 2a and 2b respectively. As is shown in Figure 2a , when a VSC is employed to control the DC voltage, a PI regulator is used to eliminate the difference between the reference DC voltage V dcref and V dc . The output reference current in d-axis is fed to the current reference value responsible for the active power. The control scheme
This paper is a postprint of a paper submitted to and accepted for publication in IET Renewable Power Generation and is subject to Institution of Engineering and Technology Copyright. The copy of record is available at IET Digital Library. And the VSC is also able to provide active resynchronization when reconnecting an AC island to an established utility side and the control scheme is depicted in Figure 2c , where the difference between utility side voltage angle θ 1 and island side angle θ 2 across the switch is passed to a PI regulator to produce the frequency correction to eliminate the angular difference; meanwhile a PI regulator is used to mitigate voltage differences between feeder side voltage V 1 and V 2 to avoid impact upon the switch close. 
Charging station modelling and DC stabilizer control
As a charging station is able to manage its own storage energy and provide temporary power support to the distribution power system, two modes are considered during normal operation, which is shown in Figure 3 . In Figure 3a , the charging station operates as constant power mode with its current loop control modelled as a first order delay.
Large constant power terminal tends to introduce undesirable terminal impedance causing instability [22] especially from a distant position to the slack terminal. Reduced capacitance, which is favourable for cost, footprint and fault current limiting concern, would possibly further tense up this problem [21] . In
7 other to deal with the possible instability caused by the undesirable impedance introduced by constant power, A DC stabilizer is proposed at the constant power terminal to neutralise the total equivalent terminal impedance at the constant power terminal side. An illustration is shown in Figure 3c with charging station terminal as an example. The principle of the proposed control is to add virtual parallel resistances at the power terminals with virtual impedance method, shown in Fig. 4 , to cancel the undesirable terminal resistance (admittance). For instance, if the constant power load produce a negative admittance/resistance, a positive virtual resistance/admittance would be placed in parallel beside it.
Meanwhile, virtual capacitance is also superimposed to the stabilizing control to further enhance the dynamic performance to add up to the reduced terminal capacitance at the constant power terminal side.
As is shown in Fig. 3c , a physical DC stabilizer is installed beside the charging station for illustration. The proposed stabilizer can be a shunt converter with an energy storage, i.e. a battery or super capacitor, as its source. Cascaded closed-loop control is implemented with current loop as the inner loop. By mimicking the small signal behaviour of shunt capacitance and resistance with the outer loop shown in Figure 3c , the stabilizer can effectively modify the terminal impedance in frequency domain, illustrate by Fig. 3c . The open-loop Bode plot corresponding to the charging station terminal in Fig. 3c is shown in Fig. 4 ..
The charging station terminal is used as a test example with a charging power at 2 MW in Fig. 4 . The corresponding open-loop Bode plot frequency response is depicted in Figure 4 . Before the proposed control is added, the negative admittance makes the phase behaviour starts from 90 degrees lead, which is undesirable. By using the proposed control, the phase is modified with virtual resistance to start from 90 degrees lag as shown and the gain is also lowered partially owing to virtual capacitance with larger gain margin. With this case shown in Fig. 4 , it demonstrates that the proposed control with virtual impedance can effectively provide satisfactory terminal impedance with decent margins when a large power constant power load is in place with relatively small terminal capacitance. A high-pass filter with large time constant, i.e. 5 s, is added before the i sta is sent to the stabilizer to ensure the average current/power consumption of the stabilizer is zero. As shown in Figure 3c , as VSC control is assumed to be accessible by system operator, similar control can also be incorporated as a super-imposed component for the VSC in constant power load mode, VSC 6 for instance, if necessary. A small-signal state-space model is also established based on Figure 3c as follows to further analyse the stability of this system with constant power terminal stabilizing controls. Since the focus of this paper
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is placed on the interaction between constant power and DC voltage controls, the current loops are modelled as first order delays [25] 
Based on the case shown in Fig. 4 , the virtual impedance method control is added to the charging station at full power charging state while VSC 3 and generation terminals are with zero power for simplicity. The eigenvalues of the DC system is shown in Figure 5 . This paper is a postprint of a paper submitted to and accepted for publication in IET Renewable Power Generation and is subject to Institution of Engineering and Technology Copyright. The copy of record is available at IET Digital Library.
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The eigenvalues distributions are shown in Fig. 5 with the initial parameters setting listed in the appendix. In Fig. 5a , it shows that the added virtual impedance can well push the eigenvalues on the right panel into the left side and stabilize a DC system with full rating constant power load. Fig. 5b illustrate the situation when a large rectifying power is imported from VSC 3 based on the settings on Fig. 5 a, which demonstrate that the system can also well maintain stability when there is a large rectifying power. The above analysis validates the principles of the proposed virtual impedance control.
DC network operational scheme
A voltage variation based autonomous control scheme is proposed for the DC subsystem [20] , which is shown in Figure 6 . The DC power system has to have at least one live slack terminal to ensure stable operation. In this paper, VSC 6 is responsible to respond to the power distribution order given by the distribution system central controller and it operates at power control mode throughout steady state. When there is a fault at the AC side, VSC 6 may need to operate at current limit mode to ride through the fault. 
Post fault power restoration procedure
The principle of the restoration is based on the coordination between DC operation and AC relays.
When an AC fault occurs within the distribution power system, the VSCs will automatically operate in Fault Ride Through (FRT) mode and the relays shall isolate the fault. Immediately the fault is isolated, the downstream island power supply shall be restored by the VSC within. The CB shall reclose to check if the fault is cleared. Once the fault is cleared, the fault side VSC shall re-synchronize the island with its upstream and then re-connect the island back to the main grid. The DC autonomous control scheme shall apply throughout the process.
Based on the proposed restoration principles, a detailed operational procedure is designed for Fault 2 in Figure 1b for illustration.
When an 3-phase short fault occurs at Fault 2 in Figure 1b , voltage dips and fault current will be immediately detected by both VSCs 3 and 6, and corresponding upstream relays respectively. The VSCs may do their best to keep their previous operational condition, unless the current limits have been reached, to ride through the fault. If the current limit has been reached, VSC 3, which is previously responsible for DC voltage control, will become a power terminal. This would give rise to DC voltage deviation and the relevant DC system mode switching scheme will apply as is cited in the previous sub-section and illustrated by Figure 5 . The upstream relay shall also respond to the fault by open the upstream CB 1.
Once the fault is cut off from the main distribution network, VSC 6 which is not cut off shall detect the local AC voltage is recovered and its capped power may be restored to what it was before the fault if 
V dc1
This Figure 2 b, hence the islanded Feeder 3 power supply is restored.
This mode switch of the VSC may give rise to one more time of DC voltage deviation as the VSC power exchange with the DC side may change. Again, the DC network control scheme applies.
After a pre-set amount of time, CB 2 is reclosed. If the fault is not cleared, the CB is opened again.
The procedure ends here till manual clearance of the fault. If the fault is not detected, the procedure proceeds.
Once CB 2 is successfully reclosed, the message is passed to its downstream load switch and VSC 3 within the island. If the fault is not detected, the procedure proceeds.
10) Synchronization across SW 3.
11) SW 3 close 12) VSC 3 back to DC voltage control mode
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Case Study
Feeder fault behaviour
Based on the benchmark system demonstrated in Figure 1 , a comparison case study is carried out to demonstrate the transient behaviour of the distribution power system after a 3-phase short between Feeders 6 and 7 shown in Figure 1a . It can be seen from Figure 6a that when there is a 3-phase fault, the fault current would go to approximately 3 p.u. at its peak value when there is a proposed DC link in the benchmark system; whereas in Fig. 7b , the Feeder 3 and 6 are connected by closed AC link, the corresponding fault current would rise up to about 5 p.u. which is 66% larger than the proposed system. 
DC power stabilizer performance
In order to validate the effectiveness of the proposed DC stabilizer, an operation test is carried out with focus on the stability of the multi-terminal DC system in Figure 8 . During the test, a ramp power demand is given for the charging station from the time of T = 0.5 s at a ramp rate of 0.25 MW/s and the powers of VSC 6 and DG are kept at 0. The DC stabilizer is activated from the beginning of the test till T = 5.5 s when it is deactivated. It can be seen that as soon as the proposed DC stabilizer is deactivated, the DC voltage starts to oscillate immediately hence the effectiveness of the proposed stabilizing control.
I fabc /p.u. 
Fast power supply restoration
An AC fault isolation and regional power supply fast restoration test is performed as the process shown in Table I and the corresponding simulation result is shown in Figure 9 . In this test, the active distribution power system depicted in Fig. 1b 
T / s
This paper is a postprint of a paper submitted to and accepted for publication in IET Renewable Power Generation and is subject to Institution of Engineering and Technology Copyright. The copy of record is available at IET Digital Library. From the test shown in Table 1 and Figure 9 , a fast power supply restoration scheme for Feeder 3 is performed. Similar scheme can also be carried out for other possible faults. The test shown in Figure 8 demonstrates that a multi-terminal DC system, with the proposed virtual impedance based stabilizer, connecting AC feeders and charging station can stably provide flexible power dispatch and fast power restoration after AC fault with large power redistribution over an expanded distribution area.
Similar power supply restoration scheme generally applies to the fault locations between a VSC feeder and an upstream feeder, which include Line 12, Line 23, Line 45 and Line 56 in Fig. 1b in this benchmark system. When the upstream connection is open, the feeder supply can be restored by a VSC as long as there is a distribution path between the feeder and the VSC. The faults at Line 37 and Line 58 cannot be applied since the protections will isolate Feeders 7 and 8 along with the fault apart from the VSCs. 
Conclusion
In this paper a fast power supply restoration control scheme and corresponding DC stabilization control is proposed for an active distribution system with multi-terminal DC network replacing normal open switch. With proposed network, the flexible power distribution can be achieved without significant fault current contribution as a direct AC link does. The proposed stabilization control is able to stabilize the DC system with large constant power load type terminal and ensure a stable operation when providing power support to large AC transients. The proposed control scheme can effectively provide immediate power supply restoration after an AC fault and reconnect the islanding part back to the main grid if the fault is temporary and cleared within reclosing time set.
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